Metasurfaces hold great potentials for advanced holographic display with extraordinary information capacity and pixel sizes in an ultrathin flat profile. Dual-polarization channel to encode two independent phase profiles or spatially multiplexed metaholography by interleaved metasurfaces are captivated popular solutions to projecting multiplexed and vectorial images. However, the intrinsic limit of orthogonal polarization-channels, their crosstalk due to coupling between meta-atoms, and interleaving-induced degradation of efficiency and reconstructed image quality set great barriers for sophisticated meta-holography from being widely adopted. Here we report a non-interleaved TiO2 metasurface holography, and three distinct phase profiles are encoded into three orthogonal polarization bases with almost zero crosstalk. The corresponding three independently constructed intensity profiles are therefore assigned to trichromatic (RGB) beams, resulting in high-quality and high-efficiency vectorial meta-holography in the whole visible regime. Our strategy presents an unconventionally advanced holographic scheme by synergizing trichromatic colors and tri-polarization channels, simply realized with a minimalist non-interleaved metasurface. Our work unlocks the metasurface's potentials on massive information storage, polarization optics, polarimetric imaging, holographic data encryption, etc.
shows the schematic of the metasurface to achieve vectorial full-color holography. We first explore different numbers of channels of polarization-dependent holographic metasurfaces by considering different flexibility of the Jones matrix as shown in Fig.1a, b . The metasurfaces are realized by array of TiO2 rectangular nanopillars with three independent structure parameters: length ( 1 ), width ( 2 ) and in-plane orientation angle ( ). By controlling the length and width with fixed orientation angle, two independent phases can be encoded into a single nanopillar with two orthogonal incident polarization states. Therefore, two independent far field holographic images ('HUNAN' and 'UNIVERSITY' shown in Fig. 1a ) can be switched with different polarization inputs. Via fully utilizing the parametric degrees of freedom by further considering the orientation angle, three kinds of independent information can also be realized with different combinations of input and output polarization states. As a result, the metasurfaces can reconstruct up to seven polarization-dependent information combinations (i.e., combinations of three independent 'X', 'Y' and 'Z' as shown in Fig. 1b ). In addition, it is worth noting that the proposed metasurfaces are broadband in the visible, which enables broadband or multicolor applications. Due to the chromatic aberration, the size and field of view (FOV) of holographic images of different wavelengths projected on the same plane are proportional to the wavelengths.
Using the broadband nature, we can ingeniously couple the three primary color wavelengths of grayscale image information into three independent polarization channels and then match the information of three channels by a pre-compensation algorithm to reconstruct a full-color holographic grayscale image, as shown by Fig.1c .
Since the information is coupled into three independent input/output polarization combinations, the crosstalk images of the other channels are naturally eliminated, enabling near-zero crosstalk between the channels. The metasurfaces are constructed by subwavelength rectangle TiO2 nanopillars.
TiO2 is a high refractive index dielectric material in the visible range, which allows easier phase modulation from 0 to 2π. The nanopillars are arranged in squarely repeated units with a period of , which form meta-units. Fig. 2a shows a single meta-unit with three independent tunable structure parameters of ( 1 , 2 , ) and a fixed height . The rectangle cross-section of the subwavelength nanopillar results in different effective refractive indices along the two axes of the nanopillar. Figure 2b shows the fundamental waveguide modes of the rectangle nanopillar under two orthogonal polarizations.
Therefore, each nanopillar can be seen as a linearly birefringent wave plate, which is able to generate distinct phases on orthogonal linear polarizations. If there is the no amplitude manipulation, the meta-unit can be described using the Jones matrix as
where and are the phase shifts on linearly polarized light along its two axes. 
Multifunctional Holographic Metasurfaces
To obtain the phase profiles for hologram images, the Gerchberg-Saxton (GS) algorithm applied in computer-generated hologram (CGH) was utilized here. A algorithm for solving the inverse problem and matching the structure parameters was also developed (supplementary section 2). The optical experimental setup for capture the hologram and efficiency measurement can be found in supplementary section 4.
First, two off-axis images of 'HUNAN' and 'UNIVERSITY' were encoded in a 50 μm ×50 μm metasurface composed of meta-units without rotation ( Fig.2e, 2f In addition, another kind of 50 μm ×50 μm metasurface ( Fig.2g and 2h ) fully utilizing the parameter freedom by further considering the orientation angle of the metaunits was fabricated to encode three independent information (letters 'X', 'Y' and 'Z'), as shown in Fig. 3d -j. As we mentioned above, the output electric field carries the components of original and converted orthogonal polarizations when this metasurface is shined by a linear polarization. Therefore, different channels can be obtained by filtering the polarization of the output light. First, with different combinations of linear input/output polarizations, three kinds of independent information can be switched, as shown in Fig. 3d -f. Note that letter 'Y' can be obtained by two sets of orthogonal polarizations, but the polarization directions of the output electric field are different. If the output light is not filtered, -and -polarized incident light result in two independent information with orthogonal polarizations (Fig. 3g and 3h) . 
Broadband Property
In order to achieve full-color holography with noninterleaved metasurface, the metasurface itself must be broadband. We fabricated a 100 μm × 100 μm threechannel metasurface with a designed wavelength of 532 nm and explored the broadband property of the metasurface, as shown in Fig. 4 . Three different emoji images were encoded into three polarization channels. Fig. 4a-4b Eq. 2, we can see that structural dispersion (that is, different structural parameters cause different effective refractive indices) might result in phase mismatch. We numerically calculated the effective modal indices of the waveguide modes using eigenmode analysis (See methods). Note that we ignored the power coupling into higher-order waveguide modes and estimated the effective indices based only on the fundamental waveguide modes since high-order modes have little effect on the phase response 33 . Fig.4d and 4e shows the phase changes compared to the designed wavelength of 532 nm and the statistical distribution of the number of meta-units. We can see that most of the meta-units locate in the region where the phase changes are almost the same. Note that the area with close phase difference of ∆ 450,532 is bigger than that of ∆ 532,633 , explaining why the conversion efficiency is lower at 633 nm in Fig.4c . 
Vectorial Trichromatic Hologram
It has been proved above that the proposed metasurface can support three kinds of independent polarization-dependent information and is broadband, which can be combined with the principle of three primary colors to realize vectorial full color holography. Fig. 5a shows the generation process of the vectorial color holographic metasurface. First, the target color image (e.g. a painting of 'Two parrots') was divided into three trichromatic components corresponding to wavelengths of 633 nm (R), 532 nm (G) and 450 nm (B). Due to the chromatic aberration, the three components were scaled inversely proportional to the wavelength to match the size in the projected screen.
In addition, the components were pre-compensated for each wavelength to eliminate the distortion due to the large field of view (FOV) (Supplementary section 3) . After that, the GS algorithm was applied to generate the phase profiles of the pre-compensated components, which then were coupled into three independent polarization channels.
Based on the phase distribution, the structural parameters and orientation angles corresponding to the structure with the closest phase response were found to form the layout of the metasurface. A 400 μm × 400 μm metasurface encoded with the information of the color painting was then fabricated and characterized (the setup can be found in the Fig. S4b ). The experimental results in Fig. 5g-5j show a satisfied agreement with the simulation results. Since the input/output polarization combination of each channel is independent, it can be seen that there is almost no crosstalk between each channel. We can see that for the case where the input and output polarizations are orthogonal (i.e. G channel), the signal-to-noise ratio (SNR) is better than that with the same input/ output polarizations (i.e. R and B channels) due to the background light. 
Discussion
In fact, the decoupling of wavelength three-channel and polarization three-channel enables the device to encode 9 kinds of independent information with extra spatial freedom to reconstruct 2 9 -1=511 polarization-and wavelength-dependent information combinations or up to three color hologram images which can be widely applied for dynamic display, multi-task devices, optical encryption and data storage. Therefore, the regulation of arbitrary polarization in a single pixel is the irreplaceable advantage of the metasurface. Based on this, recently, the polarization imaging 34 , polarization detection 35 and arbitrary spin-to-orbital angular momentum convertor 36 have been proposed. It will continue to expand into various fields such as optical communication, display, and imaging.
In summary, we utilized the full degree of freedom of a single meta-unit to achieve a high efficiency vectorial metasurface encoded with up to three kinds of independent information and seven independent information combinations in the visible light range.
Combining three polarization channels and three primary color channels ingeniously, a full-color hologram with near-zero crosstalk was realized for the first time. Our proposed polarization-dependent multi-channel vectorial holography can be used for data encryption and anti-counterfeiting. In addition, compared to the color metaholography based on the interleaved meta-units, the proposed high-quality color holography has made a big step towards the practical application, which may be widely used in the field of near-eye display, holographic display, naked-eye three-dimensional display. Optical characterization. The optical setup for full color hologram characterization is shown in Fig. S4 . Three laser diodes emitting at 450 nm, 532 nm and 633 nm were utilized as R, G and B channels. A combination of linear polarizer and quarter-wave plate was placed behind each laser to produce arbitrary polarizations. Then two dichroic lenses with cutoff wavelength of 567 nm and 490 nm were used to combine the three lasers in one light path. The metasurface was placed on the focal plane of an objective lens (×50/NA = 0.75) to ensure that the Fourier plane is located in the back focal plane and the numerical aperture (NA) was chosen to collect all the diffraction light from the metasurface. Another dichroic lens at 490 nm was placed right behind the objective lens to separate B channel and RG channel, which then were both filtered by another combination of linear polarizer and quarter-wave plate with desired polarizations. Two mirrors and dichroic lens were used to combine the three channel again. A lens was used for capturing the Fourier plane on a CCD camera. For monochrome hologram, one of three lasers was turned on.
Methods

